dicating that most of the proximal tubular Pi reabsorption is via the type IIa cotransporter [4] . In contrast, the type IIc transporter accounts for the residual BBM Na/Pi cotransport in the knockout model [5] . The type IIc Na/Pi cotransporter mediates 30% of renal Na/Pi cotransport [5] .
The properties of the type IIa transporter in renal Pi reabsorption have been reviewed in several recent articles [3, 6] . In this review, we will briefly describe the type IIa cotransporter and a new member of the type II family, the type IIc Na/Pi transporter. Furthermore, we will discuss the molecular mechanisms involved in regulating proximal tubule Pi reabsorption, such as parathyroid hormone (PTH), dietary Pi content, and a novel phosphaturic factor, fibroblast growth factor 23 (FGF23).
Type IIa Na/Pi Cotransporter
A type IIa Na/Pi cotransporter was first identified from cDNA libraries of rat and human kidney cortex tissue [7] . Subsequently this protein was identified in other species and notably also in cultured opossum kidney cells (OK cells) [8] . A complete translocation of Na ions and Pi is functional in type IIa monomers and does not depend on oligomerization [3, 9] . Since the type IIa cotransporter was identified, a working model of the secondary structure of the type IIa transporter has evolved from several structure/function studies using epitope tagging or the substituted cysteine accessibility method [3, 10, 11] . According to this model, the type IIa cotransporter has eight transmembrane segments, two regions, an intracellular loop (ICL1), and an extracellular loop (ECL3) with documented involvement in the cotransport process [12, 13] . In agreement with the idea that ICL1 and ECL3 are functionally important domains, it was shown that after splitting the protein in an extracellular loop between ICL1 and ECL3, both halves were required for the Na/Pi cotransport [14, 15] . With respect to basic transport properties, the turnover rate of the type IIa system is a function of the concentration of the two substrates and the membrane potential [1] [2] [3] . The pH dependence of type IIa Na/Pi cotransport activity is partly but not fully explained by a preferential transport of divalent Pi [1] [2] [3] . Studies with brush-border membrane vesicles (BBMVs) provide evidence that the pH dependence is to a significant extent explained by a competition of protons with sodium for interaction with an Na/Pi cotransporter [14, 15] . Steady-state electrophysiological measurements also suggest a competitive interaction of H + with the Na + -binding site(s) [14, 15] .
Type IIa transporter (NaPi-2)-related small proteins
An emerging field of regulation of several membrane transporters, including the type IIa Na/Pi cotransporter, is alternative splicing, which appears to generate isoforms with regulatory roles. In this regard, we have identified three alternatively spliced isoforms of the type IIa transporter (NaPi-2) [16] . The NaPi-2␣ protein, 337 amino acids, contains 3 transmembrane domains and has high homology to the N-terminal half of NaPi-2. NaPi-2␤, 327 amino acids, contains 4 transmembrane domains; the N-terminal 181 amino acids are identical to the N-terminal region of NaPi-2, whereas the C-terminal amino acids are completely different. In contrast, NaPi-2␥, of 268 amino acids, is identical to the C-terminal half of NaPi-2. The three related proteins are produced by alternative splicing in the NaPi-2 gene. In a rabbit reticulocyte lysate system, NaPi-2␣,␤, and ␥ were found to be 36, 36, and 29 kDa polypeptides, respectively [16] . In vivo, NaPi-2␣, and NaPi-2␥ were glycosylated and revealed to be 45-and 35-kDa proteins, respectively. A functional analysis demonstrated that NaPi-2␣ and ␥ markedly inhibited NaPi-2 activity in Xenopus oocytes [16] .
The results suggest that these short isoforms may function as inhibitors of the full-length transporter. We demonstrated that the activation of NaPi-2␥ by protein kinase C (PKC) induced a retrieval of functional NaPi-2 transporter from the oocyte membrane (Fujita et al., unpublished observations). PKC activation could lead to phosphorylation of NaPi-2␥ associated with the membrane trafficking of NaPi-2. Thus the inhibitory effect of NaPi-2␥ is due to the effects of the inhibition of full-length protein trafficking in the Xenopus oocyte system [16] . However, further study is needed to clarify the physiological effects of the three short isoforms on renal Pi reabsorption.
Trafficking of type IIa Na/Pi cotransporter
PTH is the major hormonal regulator of Pi reabsorption by the kidney [1, 2] . Parathyroidectomy decreases Pi excretion, and PTH infusion is phosphaturic. The primary site for the action of PTH on Pi transport is in the proximal tubule. Shortly after a PTH injection, the amount of type IIa cotransporter present at the membrane strongly decreases with a parallel transitory increase in endocytic vesicles of renal epithelial cells [17, 18] . Immunohistochemical studies demonstrated that after these treatments, type IIa cotransporters transiently accumulate in the socalled subapical compartment and are associated with small and large endocytic vacuoles [19, 20] . Type IIa cotransporters are internalized via the endocytic pathway of soluble proteins [21] . Internalization occurs at the invaginated intermicrovillar regions (cleft sites), possibly via clathrin-coated vesicles, since type IIa proteins are found in structures also containing clathrin and the adaptor protein AP2 [21] . PTH inhibits both the function and the expression of type IIa transporter through the activation of several signal transduction pathways [22] . A stimulation of PTH receptors leads to the activation of protein kinase A (PKA) through a coupling to Gs, a stimulatory guanine nucleotide regulatory protein. Simultaneously, PTH receptor stimulation activates PKC through the coupling to Gq. A direct activation of either PKA or PKC stimulates the internalization of type IIa transporter. Recent results have added the protein kinase PK-G and the ERK/MAPK pathway to the proposed signaling network [22, 23] . Furthermore, the involvement of the extracellular signal-regulated kinase ERK has also been reported [22, 23] .
The type IIa cotransporter is localized along the entire array of microvilli, internalized upon the hormonal stimuli at the intermicrovillar cleft, and degraded in the lysosomes [20, 21, 24] . These observations suggest that the type IIa transporter protein un-dergoes a variety of static and dynamic protein interactions necessary for proper apical sorting and positioning for regulated endocytosis and for routing out of the subapical tubular apparatus to the lysosomes. By the yeast two-hybrid approach, several proteins were identified that interact with type IIa transporter protein and are localized either in the brush border or in the subapical compartment of proximal tubular cells [25] [26] [27] [28] . Karim-Jimenez et al. [29] indicated that the N-and C-terminals are not required for the PTHinduced internalization, whereas the region between residues 216 and 658 seems to be necessary. This region contains two putative intracellular loops with sequences in the last intracellular loop that are highly conserved between the types IIa and IIb proteins. The two charged amino acids in the type IIa cotransporter (K 503 R 504 ) are replaced by uncharged residues in type IIb (N 520 I 521 ), which is not regulated by PTH. The results of chimera experiments with type IIb indicate that this motif is important for PTH-induced endocytosis [29] .
To elucidate the mechanism of the internalization of Na/Pi IIa, we identified the interacting protein for the KR (K 503 R 504 ) endocytic motif by yeast two-hybrid screening (Fig. 2) . We found a strong interaction of the Na/Pi IIa with a small protein known as the peroxisomal farnesylated protein (PEX19/PxF/Pex19p) [30] . PEX19 can bind to the KR motif, but not to a mutant with this motif replaced with NI residues. PEX19 is highly expressed in mouse and rat kidney. A Western blot analysis indicates that PEX19 is located in the cytosolic and brush border membrane fractions (microvilli and the subapical component). An overexpression of PEX19 stimulated the endocytosis of the Na/Pi IIa in opossum kidney cells in the absence of PTH. PEX19 may be actively involved in controlling the internalization and trafficking of the Na/Pi IIa (Fig. 3) .
Transcriptional regulation of type IIa transporter
Dietary Pi restriction is associated with an increase of the overall proximal tubular capacity to reabsorb Pi. We found that the administration of a low Pi diet to weaning mice clearly elevates the abundance of type IIa mRNA and protein [31] . The type IIa genes respond at both transcriptional and posttranscriptional levels to an increased Pi concentration in the diet [31] . We have mapped the DNA sequences responsible for the Pi response in the mouse kidney, which we designated the phosphate response element (PRE). The PRE of the type IIa gene promoter has a region with 9 of 10 bp identity to the binding element of yeast phosphate-responsive transcription factor Pho4. At the center of this region is a CACGTG motif, the core recognition site for the helix-loop-helix family of transcription factors [31] . The 5Ј-CACGTG-3Ј motif is sufficient to confer transactivation by dietary Pi deprivation. Using a yeast one-hybrid system, we isolated the transcription factor TFE3, a helix-loop-helix protein that has structural features very similar to those of yeast Pho4. TFE3 binds the PRE in the type IIa gene promoter. A low Pi diet significantly increases the amount of TFE3 mRNA in the kidney [31] . These observations suggest that TFE3 may participate in the transcriptional regulation of the type IIa gene by dietary Pi [31] .
Posttranscriptional regulation of type IIa transporter
In adult animals, Moz et al. investigated the mechanisms involved in the posttranscriptional effect of dietary Pi and found that it depends on protein-RNA interactions [32, 33] . Under hypophosphatemic conditions, cytosolic renal proteins showed an increased binding to the type IIa mRNA 5Ј-untranslated region (UTR), and this was associated with an increased translation of type IIa mRNA in vitro [32, 33] . Renal proteins from rats fed a low Pi diet stabilized the type IIa transcript in vitro, and this stabilization depended on the presence of the 3Ј terminal 698 bp of the mRNA. They have defined the region within these 698 bp that is bound by proteins under the conditions of Pi deprivation [33] . The biological relevance of this protein-binding sequence was demonstrated in an in vitro degradation assay with renal proteins from control and low-phosphate rats. The protein-binding region of the type IIa mRNA functions as a cis-acting instability element. During hypophosphatemia, there is increased binding to the cis-acting element and subsequent stabilization of type IIa mRNA [32, 33] .
Type IIc Na/Pi Cotransporter
In targeted type IIa knockout mice, Na/Pi cotransport in brush-border membrane vesicles is reduced by 70%; thus other transporters are responsible for the remaining 30% of transport [4] . Young-type IIa knockout mice retain the capacity to reabsorb Pi at a rate that cannot be explained by the presence of type I and III Na/Pi transporters [4, 34] . Furthermore, a specific type IIa-related Na/Pi cotransporter protein was postulated to account for high Pi transport rates in weaning animals [5, 35] . Evidence for this new transporter was obtained by antisense experiments and transporter expression in Xenopus oocytes [36] . When mRNA isolated from the kidney cortex of rapidly growing rats was treated with type IIa transporter antisense oligonucleotides or depleted of type IIa mRNA by subtractive hybridization, Na ϩ -dependent Pi uptake was still detected in injected oocytes [36] . The type IIa transporter-depleted mRNA contained an mRNA species with some sequence homology to the type IIa transporter message [37] . Recently we isolated a type IIc Na/Pi cotransporter from human, rat, and mouse kidneys [36, 37] .
By a Northern blotting of poly(A) ϩ RNA from mouse tissues, the type IIc mRNA was detectable only in the kidney; no signals were detected in the brain, heart, lung, liver, spleen, intestine, testis, placenta, or skeletal muscle. A microinjection of Xenopus oocytes with mouse-type IIc Na/Pi cotransporter mRNA resulted in a marked increase relative to that apparent with water-injected oocytes [36] . [ . The uptake was saturable, and the Michaelis-Menten constant (K m ) for Pi was 200 M. In the Xenopus oocytes, type IIc-mediated Na/Pi uptake was stimulated by a more alkaline pH, a hallmark of proximal tubular Na/Pi cotransport [38, 39] .
With respect to transport mechanisms, Na/Pi cotransport by type IIa is electrogenic, whereas transport by type IIc is electroneutral. In electrophysiology of type IIa and type IIc transporter, we characterized for electrogenicity by expressing the type IIa Na/Pi cotransporter (NaPi-2) in Xenopus oocytes. We showed that in the mandatory presence of extracellular Na ϩ , Pi induced an inward current (I p ) for membrane potentials (V) in the range of Ϫ80ϽVϽϩ10 mV. This was consistent with theconcentrations, extracellular pH, and membrane potential of the findings. However, in contrast to the 2 : 1 stoichiometry to Na/Pi at pH 7.4 proposed from BBMV studies [38, 39] , the findings of a Hill slope close to 3 for an Na ϩ dose response at saturating Pi suggested a 3 : 1 stoiometry for type IIa cotransport at Ϫ50 mV [3] . In contrast, type IIc has the 2 : 1 stoichiometry to Na/Pi at pH 7.4 as proposed from BBMV studies [38] . The physiological significance of an electroneutral Na/Pi cotransporter during growth is unknown.
During weaning, type IIa cotransporter abundance decreases in the brush border membrane of superficial nephrons, resembling the distribution pattern in adults [40] . Renal type IIc protein, in contrast, is not detected in newborn or suckling rats. In weaning animals, it is markedly increased in the superficial and midcortical regions of the kidney [38] . We suggested that the high expression of type IIc Na/Pi cotransporter in the kidney of weaning rats may support high Pi transport activity during down-regulation of the type IIa Na/Pi cotransporter. A hybrid depletion experiment suggested that type IIc cotransporter is important in weaning animals, but a minor component in the adult. However, the type IIc transporter protein is detectable in adult rats in the apical membrane of renal proximal tubular cells (Fig. 3A) , and Western blotting analysis also shows that the type IIc transporter is present in BBMVs from adult rat kidneys [38] . A low Pi diet markedly induces the expression of type IIc Na/Pi cotransporter in adult rat kidneys.
We examined whether the type IIc Na/Pi cotransporter is involved in renal Pi transport in adult mouse kidney (Fig. 4B) kidneys of adult mice fed low Pi and control diets was treated with antisense oligonucleotides specific for type IIa or type IIc mRNA (Fig. 4B) . The type IIa antisense oligonucleotides significantly suppressed Pi uptake in oocytes injected with the RNA from mice fed either the control or the low Pi diet. In contrast, the type IIc antisense oligonucleotide did not affect Pi uptake in oocytes expressing RNA from mice fed the control Pi diet. However, a similar treatment suppressed Pi uptake by 30% in oocytes expressing RNA of mice fed the low Pi diet (Fig. 4B) .
Regulation of type IIc Na/Pi cotransporter by dietary Pi and PTH
Like the type IIa transporter, the type IIc transporter is regulated by PTH and dietary Pi. In rats fed a low Pi diet (chronically), the abundance of type IIa and type IIc proteins increases markedly in the apical membrane of proximal tubular cells [41, 42] . In contrast, a high Pi diet reduces the abundance of both transporters in the apical membrane. The diet-induced changes in type IIa transporter activity and protein abundance are observed within the first 2 h, but a prolonged administration of a low Pi diet also changes the mRNA levels, which do not detectably change after short periods [43, 44] . In contrast, such rapid regulation is not observed with the type IIc transporter. Similar observations were obtained in thyroparathyroidectomized (TPTX) rats. The levels of type IIc immunoreactive protein significantly increase in the BBMV from the kidney in TPTX rats compared to the control (sham-operated) rats [42] . Specific double-staining studies indicated that the removal of PTH markedly increases type IIa and type IIc immunoreactive signals in the apical membrane of superficial and midcortical nephrones. PTH induces rapid endocytosis (15 min) and lysosomal degradation of type IIa transporter [42] . In contrast, the type IIc immunoreactive signals in the apical membrane of proximal tubular cells decrease gradually. These observations indicate that a PTH-induced retrieval of type IIa and type IIc transporters may be regulated differently and may proceed via distinct vesicular transport pathways with differential fates.
FGF23, a Phosphate-Regulating Protein
Studies of patients with tumors associated with osteomalacia (tumor-induced osteomalacia) and X-linked hypophosphatemia (XLH) have provided important new insights into the identity and mechanisms of the action of factors that regulate renal Pi excretion and serum Pi concentrations [6] . The understanding of the pathophysiology of phosphate wasting was further extended by studies of a genetic disorder; autosomal dominant hypophosphatemic rickets (ADHR), which is characterized by renal phosphate wasting; hypophosphatemia; and defective bone mineralization [43, 44] . By using a positional cloning approach, the ADHR consortium observed in four ADHR families three missense mutations in a fibroblast growth factor gene, FGF23 [45] . The FGF23 protein is a secreted protein of 251 amino acids, including a putative N-terminal signal peptide (residues 1-24). The missense mutations at 176 Arg and 179 Arg are responsible for ADHR. These amino acids are in the consensus proteolytic cleavage sequences of RXXR [44] . These mutations may prevent proteolytic cleavage; consequently, a large amount of the mutant protein may be secreted into the blood as an intact form. Patients with ADHR display many of the same clinical and laboratory characteristics observed in patients with oncogenic hy- [46, 47] .
We studied the function of FGF23 by transiently introducing expression plasmids for the FGF23 mutants into rodents [48] . We found that the expression of the FGF23 mutants reduced the phosphate uptake of BBMVs from the kidney and intestine, independent of PTH action. These results suggested that FGF23 may be involved in dietary regulation of proximal tubular Pi reabsorption, which can occur independently of changes in the plasma concentration of different phosphaturic hormones [1, 2] . We recently demonstrated that the FGF23 R176Q mutant blunts the dietary regulation of type IIa and type IIc transporter protein synthesis (Fig. 5 ) [49] . Compared to a normal Pi diet, a high Pi diet increases plasma FGF23 level, and a low Pi diet decreases it. These findings indicate that FGF23 may be involved in the regulation of plasma Pi homeostasis.
Conclusion
The physiological regulation of renal Pi reabsorption is mediated by renal type II Na/Pi cotransporters (type IIa and type IIc). The type IIa Na/Pi cotransporter is the most abundant and important in renal Pi reabsorption. The type IIa transporter is regulated, among other factors, by dietary Pi intake and parathyroid hormone (PTH). The PTH-induced inhibition of Pi reabsorption is mediated by endocytosis of the type IIa transporter from the brush-border membrane and subsequent lysosomal degradation. A KR motif is important for endocytosis of the type IIa transporter. Moreover, during Pi depletion the type IIc Na/Pi cotransporter is induced in the apical membrane of proximal tubular cells. The type IIc transporter is also regulated by PTH via internalization, but by a vesicular transport pathway distinct from that used by the type IIc transporter. Furthermore, recent reports indicate that a novel phosphaturic factor, FGF23, regulates the expression of type IIa and type IIc Na/Pi cotransporters. And the study of the mechanisms of type IIa and type IIc transporters has increased the understanding of the control of proximal tubular Pi handling and therefore of overall Pi homeostasis.
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